In order to meet the goals of the Department of Defense (DoD) for smaller and more accurate weapons, numerous projects are currently investigating the miniaturization of weapons and munition fuze components. One of these efforts is to characterize the performance of small detonators. The velocity of the flyer, the key component needed to initiate a detonation sequence, can be measured using a photonic Doppler velocimeter (PDV). The purpose of this research was to develop a microelectromechanical system (MEMS) device that would act as an optimal retroreflective surface for the PDV. Two MEMS solutions were explored: one using the PolyMUMPs TM fabrication process and one in-house fabrication design using silicon on insulator (SOI) wafers. The in-house design consisted of an array of corner reflectors created using an SOI wafer. Each corner reflector consisted of three separate mirror plates which were self-assembled by photoresist pad hinges. When heated to a critical temperature (typically 140-160
INTRODUCTION
A typical photonic Doppler velocimeter (PDV) employs a single-channel (and therefore single-axis) setup. A retroreflective surface (such as a corner mirror) reflects all incoming rays along their original direction. The purpose for using a retroreflector with the PDV system is to allow the addition of two more PDV channels along two additional axes. This retroreflector will be attached to a small target, such as a Low Energy Exploding Foil Initiator (LEEFI) detonator. With a total of three independent PDV channels, it would be possible to extract triaxial velocity measurements of the target.
The purpose of this research was to develop a microelectromechanical system (MEMS) device that would act as a retroreflective surface for the PDV. Because of their small size, MEMS are an obvious choice. MEMS corner mirrors have been designed and fabricated in many different configurations. MEMS mirrors can be built by creating a flat polysilicon surface under a reflective metallic layer. These mirrors can then be released and assembled in a way that creates a corner reflector. An additional MEMS solution can be created using silicon on insulator (SOI) wafers. With these wafers, it is possible to create rotating mirrors out of the top layer of silicon. These mirrors can then be rotated out of the substrate plane to create corner reflectors.
Two optical tests are used to measure the retroreflection of these devices. Optical cross section (OCS) measurements provide retroreflection data as a function of incident beam angle. Secondly, bidirectional reflectance distribution function (BRDF) data for each device unveils any specular or diffuse reflections which could lead to crosstalk between channels of the triaxial PDV setup. 
POLYMUMPS TM CORNER REFLECTOR
The PolyMUMPs TM corner reflectors in this design consist of one fixed mirror and two rotating mirror plates. The rotating mirrors flip up until orthogonal to the fixed mirror, and are then locked in place. The fixed mirror is created from a single anchored layer of Poly2. The rotating mirror plates are built from stacked Poly1 and Poly2 layers to increase mirror flatness and strength. L-Edit layout editor was used to design the PolyMUMPs TM corner reflectors. Figure 1 shows the PolyMUMPs TM corner reflector layout. For this device, the effective dimensions of the rotating mirrors are 170 μm × 170 μm.
The PolyMUMPs
TM corner reflectors rely on three components to move the mirror plates into position. First, the hinges allow the mirror plates to rotate out of the substrate plane. Second, the help-flip cantilevers deflect upward to keep the mirror plates above the substrate. This eases assembly by allowing a microprobe to be slid under the mirror. Finally, the hinge locks prevent the mirrors from rotating past 90
• . These three components will be discussed in further detail in the following subsections.
PolyMUMPs TM Hinge Design
PolyMUMPs TM hinges are constructed using the Poly1 and Poly2 layers. Due to the conformal nature of the PolyMUMPs TM process, Poly2 will fill in areas where there is no Poly1. To create a hinge, a Poly1 hinge pin is partially encapsulated by Poly2. When the 1st Oxide is removed, the Poly1 hinge pin is free to rotate inside the Poly2 staple. The PolyMUMPs TM corner reflector hinge design layout is shown in Figure 2 (a). The Poly1 hinge pin is attached to the Poly1-Poly2 stacked mirror plate. The Poly2 staple comes off the fixed mirror, conforms around the Poly1 pin, and is then anchored to the nitride layer. The size of this Poly2 anchor is a critical design element. The anchor must be large enough to keep the Poly2 staple in place during rotation of the Poly1 hinge pin. For this research, the Poly2 hinge anchor is 12 μm × 7 μm. Figure 2 (b) shows a 3-D model of this hinge design. This model shows that the Poly2 staple leaves enough room for the Poly1 hinge pin to rotate fully.
PolyMUMPs TM Residual Stress Help-Flip Cantilevers
The PolyMUMPs TM residual stress help-flip cantilevers are designed to keep the rotating mirrors above the substrate. These cantilevers are placed at the top of each rotating mirror plate as seen in Figure 3 . They are constructed of stacked Poly2 and Metal layers, which causes them to bend upward out of the substrate plane. This bending is due to the residual stresses built up between the Poly2 and Metal layers. A tab of Poly1 is attached to the end of each cantilever. A Poly2 tab sticks out the top of each mirror plate. The Poly1 tabs of the help-flip cantilevers are under the Poly2 tabs of the mirrors, allowing the cantilevers to lift the mirror plates. These cantilevers will not move the rotating mirrors into their final positions, but instead create a gap between the plate and substrate. A probe is then used to lift the rotating mirrors until they are orthogonal to the fixed mirror.
PolyMUMPs TM Hinge Lock Mechanism
The primary hinge lock mechanism used in this design is similar to one developed by Stringer.
1 This PolyMUMPs TM hinge lock consists of a Poly1 clasp and a Poly2 pin. The clasp is connected to the side of the mirror and has a T-shaped hole where the pin is inserted and locked down. The tip of the corresponding pin is I-shaped, with the width of the I-beam just smaller than the width of the T-shaped hole in the clasp. When the mirror is flipped up, the I-shaped tip of the pin is inserted into the T-shaped hole in the clasp. When the mirror is orthogonal to the substrate, the I-pin slides down into the T-clasp, locking the mirror in place. The dimensions of the latch are calculated using the Pythagorean theorem. The length of the latch pin is designed to lock into the clasp when the mirror is orthogonal to the substrate. Therefore, the latch pin forms the hypotenuse of a right triangle. The primary hinge lock design used in this research is similar to the one just described, except the tip of the latch pin has been given a pointed end. This arrow design allows the latch to guide itself into the clasp, even if the two are slightly misaligned.
A secondary locking mechanism is also included. This lock consists of a pin attached to one of the rotating mirrors which is inserted into a channel on the other rotating mirror. This pin and channel lock can be seen in the corner reflector layout of Figure 1 . The pin and channel mechanisms are each on opposite sides of the primary locks. Figure 5 shows an assembled PolyMUMPs TM corner reflector. From this figure, it is clear that the hinges worked as modeled in Figure 2 . This corner cube was assembled by first using a microprobe to rotate one of the mirrors until its cantilever lock engaged. Next, the second mirror was rotated with the probe until its primary lock engaged, as well as the secondary pin and channel lock.
Although it was shown that a corner reflector could be assembled using a microprobe, the time required for this assembly was long. Many other reflectors were damaged or broken during probe assembly attempts. Because of the time required and significantly low yield, it would be impractical to create a larger array of PolyMUMPs TM corner reflectors in this manner. In addition, during the PolyMUMPs TM fabrication, residual stresses build up between layers (especially the Poly2 and Metal layers). These stresses lead to a curvature in the rotating mirrors, making the assembled corner reflector less than ideal for use as an optical component. 
SILICON ON INSULATOR TRIANGULAR CORNER REFLECTOR
In 1999, Syms 3 demonstrated a new process for surface tension powered self-assembly of silicon-based MEMS mirrors. These devices were formed from a bonded SOI wafer and rotated out of plane. The device layer provides the silicon for the mirror plates, while the buried oxide layer acts as the sacrificial material. The SOI wafer makes it possible to avoid any complicated multilayer processing.
The mirror plates are rotated into place using surface tension self-assembly. Figure 6 shows the process sequence used to create these self-assembled structures. Small pads of meltable material are deposited in such a way to link the edges of a fixed and a movable object which are both originally in the same plane. Before being melted, the pads have a rectangular cross section. When melted, these pads take on a semi-cylindrical cross section. This change in shape results in a torque that can rotate the movable object out of plane. When the completed device is heated, the surface tension of the melting photoresist pads power the out of plane rotation.
This process was used to create a triangular SOI corner reflector design. Triangular corner reflectors are typically used in radar systems more often than square sided corner reflectors because they are easier to build and have better angular response in the azimuthal plane. 5 For the SOI design, the goal is to create a triangular corner reflector so that the apex of the reflector is normal to the substrate plane. In this orientation, light incident normal to the substrate plane would also be normal to the reflector. The resulting structure has threefold rotational symmetry with respect to the surface normal. This symmetry is important because it allows the three rotating mirror plates to be identical in size as well as required rotation angle. This becomes important during the self-assembly process where the mirror plates must be nearly identical to ensure they properly lock each other into place.
Two triangular corner reflector designs developed in this research can be seen in Figure 7 . In order to rotate the three mirror plates, there must be a flat, anchored surface at the center of the reflector. Without this surface, it would not be possible to create the photoresist hinges which will rotate the mirror plates into position. Unfortunately, this flat plate turns the center of the triangular corner reflector into a flat mirror, reducing the overall retroreflectivity of the device. Because of this, it is important to keep this center anchor as small as possible. The anchor must be large enough to support a photoresist hinge that is strong enough to lift the rotating plates. However, the anchor must also be as small as possible in order to maximize overall device retroreflectivity.
Each rotating mirror plate contains etch holes. This is a basic design feature in micromachined mirrors. These etch holes will speed the release process of the mirrors by granting the releasing etchant more access to the oxide underneath. Unfortunately, these etch holes also decrease the effective area of the mirror plates, thus reducing their reflectivity. Additionally, these holes introduce diffraction losses to the system which also reduce reflectivity.
In a design by Syms et al., 6 it was found that mirror plates similar to the ones in these designs separated and were lost during the release process. This problem was fixed by etching 2 μm × 4 μm keying holes into the silicon device layer under the hinge pad locations. During the spin-coating process, these holes were filled with photoresist. When the photoresist hardened, it pinned the movable and fixed parts together during the release wet etching. These same holes have been included in the triangular corner reflector designs under the photoresist hinge pads.
Finally, it was necessary to add some sort of rotation limiting mechanism to prevent the mirror plates from rotating past their desired positions. The first of these simple hinge-lock mechanisms can be seen in Figure 7 (a). In this design, tabs are added to the ends of each rotating mirror. As each mirror rotates out of the substrate plane, its edges become closer to the adjacent mirror plate edges. At the desired rotation angle for the mirror plates, adjacent edges will be perpendicular to each other. When this is true, these locking tabs will prevent each mirror plate from rotating further. The rotational force in the photoresist will keep the plates from rotating back toward the substrate, while these locking tabs will keep them from rotating too far. The hinge-lock mechanism in Figure 7 (b) uses this same methodology, but with multiple tabs shaped as teeth. At the desired rotation angle, these teeth will interlock to prevent further rotation of the mirror plates.
Surface Tension Self-Assembly Model
In this research, the surface tension self-assembly is modeled as a 2-D system. Figure 8 shows the geometry used in this model. A rotating mirror is represented by a movable flap of thickness d. This flap is connected to an anchor by a meltable pad of width 2w and height h. For this design, the meltable pad is created by depositing and patterning photoresist.
Once deposited, the photoresist is melted as shown in Figure 8(b) . The surface perimeter of this melted photoresist is s. As the photoresist is heated further, it moves toward a lower surface energy shape and the pad begins to form a sphere. This causes a reduction in the perimeter length, which results in rotation of the hinge as shown in Figure 8(c) . Here, F γ is the force due to surface tension and F p is the force due to the Laplace pressure.
7 For rotation to occur, the resultant torque from these two forces must be larger than the torque needed to rotate the flap. The system will stabilize at a rotation angle of θ e when there is a balance among these torques. At this point, the pad may be solidified by cooling as in Figure 8(d) .
Torque on the hinge is caused by two forces. Surface tension attracts the surface portion of the photoresist to the top surface of the mirror. If γ is the surface tension coefficient of the meltable pad material, the torque per unit length due to the surface tension force, T γ , is then
where α is the angle between F γ and the surface normal to the rotating mirror. The Laplace pressure, P , is defined as the pressure difference between the inside and outside of a bubble. An excess pressure exists inside the photoresist bubble due to its curved boundary. 8 The torque per unit length due to the Laplace pressure, T p , is
The resultant torque is then T γ − T p . It can also be shown that α = (π − θ − φ)/2 and r = w cos(θ/2)/ sin(φ/2), with θ and φ defined in Figure 8 resultant torque per unit length as
The terms θ, φ, and r in Figure 8 (c) can be related by assuming that the liquid is incompressible. 8 With this assumption, the initial and final cross-sectional areas can then be set equal, giving
Since r sin(φ/2) = w cos(θ/2), this can be reduced to an equation that relates φ and θ
where η = h/w is the normalized pad height. This is an important parameter because it is comprised of the two dimensions of the meltable pad. By manipulating Equation 5, 7, 9 it is possible to relate the equilibrium angle, θ e , with the normalized pad height, η η(θ e ) = sin
4 sin 2 (θ e ) (6) Figure 9 shows the variation of η with θ e . From this curve, it is possible to determine values of h and w that are required to achieve a desired equilibrium angle. As the normalized pad height decreases, the final rotation angle increases.
For this design, the desired final angle for each rotating mirror plate is 54.7
• . This is the angle each plate is required to rotate off the substrate to create a triangular-faced trihedral corner reflector. An angle of 54.7
• corresponds to a normalized pad height of η = 1.78. However, it would be very difficult to fabricate the device with this exact η value and have it's final angle come out to be precisely 54.7
• . It is more feasible to design for a larger final rotation angle and rely on the rotation stopping mechanisms described previously.
After determining the value of η necessary for the desired rotation angle, it is important to make sure the meltable pad is long enough to rotate the mirror. The initial torque due to the surface tension of the meltable pad must be greater than the torque due to the weight of the mirror. The initial torque, T 0 , occurs when θ = 0 in Equation 3, giving where l is the length of the meltable pad and φ 0 is the value of φ at θ = 0.
The rotating mirror can be modeled as a simple trapezoid like the one shown in Figure 10 . The torque due to the weight of the mirror, T f , is simply the weight of the mirror times the distance from the origin, O, to the center of mass or T f = W R y . The area of a trapezoid is A = 1 2 (b + a)y, and the volume is V = Ad where d was given earlier as the thickness of the mirror plate. The weight of the trapezoid is then W = ρV g, where ρ is the density of the mirror material and g is gravitational acceleration. The distance to the center of mass with respect to the origin can be shown to be
Combining these equations, it is possible to get an expression for the torque due to the weight of the mirror in terms of a, b, y, and d as
For rotation, the initial torque due to the surface tension of the meltable pad, T 0 , must be greater than the torque due to the weight of the mirror, T f .
OPTICAL MEASUREMENT TECHNIQUES
This section describes the optical measurements performed in this research. Due to time constraints, the SOI triangular corner reflector designs were not fully fabricated, and could not be tested. As discussed previously, it was not feasible to fabricate an array of PolyMUMPs TM corner reflectors. The one PolyMUMPs TM corner reflector that was fabricated was too small to be tested using the techniques available. Instead, commercially available retroreflective tape samples were used to calibrate these optical measurement techniques for future testing of any fabricated devices. These optical tests include optical cross section (OCS) and bidirectional reflectance distribution function (BRDF) measurements.
Optical Cross Section
A target's optical cross section (OCS) describes the light scattered in a given direction when the target is irradiated by a uniform collimated beam. 10 It is comparable to a radar cross section, which is a measure of a target's ability to reflect energy to a radar receiving antenna.
11 The OCS of the target, σ tar , is typically given as
where Φ e−ref l is the radiant flux reflected by the target into the solid angle, Ω ref l . E e−tar is the uniform irradiance at the target, and can easily be measured. OCS is written in units of m 2 /sr and is a good description of how large a target looks to a detector. OCS can be used to show how retroreflective a material is as its angle from the surface normal is increased.
The OCS measurement setup can be seen in Figure 11 . A He:Ne laser beam is sent through a pinhole spatial filter. The beam is then collimated by the f = 70 mm and f = 500 mm lenses. At this point, the beam is sufficiently collimated, but only a small portion in the center is uniform enough to be used for OCS measurements. The variable aperture is set to allow only the portion of the beam that meets the uniformity requirements to illuminate the target plane. The target is placed on a rotating platform which displays its angle with respect to the incident beam. The target is at a rotation angle of 0
• when it is normal to the beam propagation direction. The reflected beam is then bounced off a beam splitter to an EG&G 450 detector, which measures the reflected power (Φ e−ref l ).
For this setup, a "perceived" OCS (POCS) can be obtained by disregarding the solid angle. This gives an expression for the target's POCS as
Equation 11 gives a more intuitive value for the samples tested in this research. For the case of a 10 mm × 10 mm perfectly flat mirror, the POCS would be 100 mm 2 . This POCS value is simply the cross sectional area of the mirror. The POCS measurements for any 10 mm × 10 mm retroreflector sample can then be looked at as the perceived cross sectional area of the sample. The POCS measurement allows for direct comparison of the performance of any retroreflector sample to a flat mirror of the same size.
The results of normalized POCS measurements for two retroreflective tape samples can be seen in Figure 12 . The samples shown, Telemecanique RF7610 and 3M 3000X, were both 10 mm × 10 mm. The Telemecanique RF7610 tape consists of closely packed spherical reflecting elements of varying sizes. The 3M 3000X tape is consists of an array of triangular corner reflector elements. The 3M 3000X tape also has a protective polymer coating, while the RF7610 tape does not. It is easy to see the effect of this protective coating because the 3000X sample has a reflection spike at normal incidence (θ i = 0). Here, the specular reflection of the coating propagates back to the detector along with the retroreflected return. This specular reflection is significant compared to the retroreflected return. Not only does this protective coating cause unwanted specular reflections, but it also reduces the retroreflectivity of the tape. Any incident light that is reflected specularly can never reach the retroreflective corner elements, thus reducing the retroreflected power. The secondary spikes in the 3000X tape are caused by one-bounce reflections off the individual corner reflector sides. This phenomenon can also be seen in radar cross section measurements of trihedral corner reflectors (commonly called "Batman ears").
12
From these OCS measurements, the Telemecanique RF7610 would be the best tape solution for a triaxial PDV system due to its high retroreflection, large return vs. incident angle, and lack of specular reflection.
Bidirectional Reflectance Distribution Function Measurements
The BRDF measurements for this research were completed using a Complete Angle Scatter Instrument (CASI) from Schmitt Measurement Systems, Inc. The CASI scatterometer uses laser light (λ = 544 nm for this setup) as a nondestructive probe which can be used to measure many material properties such as surface quality, smoothness, contamination, etc. To measure the BRDF using the CASI, a sample is placed on a rotating stage. As the stage is rotated, a detector sweeps around the sample recording the measured light it sees at each rotation angle. Unfortunately, in this configuration the CASI cannot give retroreflection data. As the detector rotates through the incident angle, it blocks the interrogating laser. This causes data loss for approximately ± 4
• about the incident angle. However, the CASI does provide accurate measurements for all other angles. This data shows the magnitude of specular reflections and other light scatter.
The retroreflective tape samples used in the OCS measurements were also used in the CASI BRDF tests. Results of these tests are shown in Figure 13 . As expected, the retroreflective returns are mostly unseen by the CASI due to the detector blocking the incident beam. However, these tests do show the large specular reflections caused by the protective coating on the 3M 3000X sample.
Once again, the Telemecanique RF7610 would be the best tape solution for a triaxial PDV system due to its high retroreflection, large return vs. incident angle, and lack of specular reflection.
CONCLUSIONS
In this research, a PolyMUMPs TM corner reflector was successfully assembled, but the assembly process was difficult and time consuming. It would be unfeasible to create a PolyMUMPs TM corner reflector array large enough for use with the PDV. Additionally, the fabrication process is relatively expensive, and is often prone to manufacturing delays.
The optical testing of retroreflective tape samples was successful. Retroreflectivity information as a function of incident beam angle can be acquired using the OCS setup described in this thesis. The CASI scatterometer was also used to obtain BRDF measurements, which describe a sample's specular and diffuse components. In their current configurations, both the OCS and BRDF test setups have shortfalls. The OCS setup only provides retroreflectivity data, while the BRDF setup provides everything but retroreflectivity data. However, performing both OCS and BRDF tests provides an accurate description of a sample's retro-, specular, and diffuse reflectivity. Once fabricated, the SOI triangular corner reflector design discussed in this paper could be tested using these techniques.
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